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ROBOTIC JOINT SYSTEM WITH LENGTH
ADAPTER

BACKGROUND

A wide variety of exoskeleton robots, humanoid robots,
other legged robots, robots on fixed or mobile platforms that
possess a subset of a full limb complement, such as one or
two arms with or without a fixed or actuated torso, and other
robots or robotic systems exist, many of which seek the most
cilicient operation possible. One fundamental technical
problem that continues to be a focus 1s how such systems,
such as where energetic autonomy 1s concerned, can mini-
mize power consumption while still providing required
levels of force output. Indeed, power and how this 1is
obtained and utilized remains an inevitable challenge in the
world of robotics.

Designers of such robotic systems typically attempt to
optimize operation based on the intended use or application.
In many cases, either power or efliciency 1s sacrificed, at
least to some extent. For instance, some robotic systems
employ high-output power systems that can meet the force
output demands of the robotic system, putting this ahead of
any efliciency considerations. On the other hand, some
robotic systems employ more eflicient power systems 1n an
attempt to 1mprove eiliciency, with force output being a
secondary consideration.

High output force or power robotic systems designed to
assist humans 1n various work-related or other tasks, while
capable of performing such tasks, can be costly. Moreover,
such robotic systems often are tethered to a power source as
portable power remains limited in 1ts capabilities. Efficient,
yet low force output robotic systems can lack practicality for
many applications to assist humans, masmuch as many
robotic systems that are designed to assist humans 1 work-
related or other tasks that require levels of force that can at
least match and preferably exceed the levels of force output
that a human can provide 1n order to perform the task(s).

Overall, the power and eflicient force production 1ssue has
been a challenging obstacle 1n the design of robotic systems
with various eflorts being made to maximize output while
mimmizing power consumption. Even small advances in
this ratio of power and force to output energy consumption
can be highly beneficial. While much research and devel-
opment 1s ongoing to 1improve power sources, another way
robotic systems can improve the power to energy output
rat1o 1s through the structural build of the robotic system,
namely the way various components are configured, how
these are controlled, and if the systems can take advantage
of naturally occurring phenomenon, such as gravity or
momentum.

One particular challenge 1n the design of robotic systems
1s to efliciently control power consumption during walking
or running gait while also maintaining efliciency during
other operations, such as during a squat. During a walking
or a running gait cycle, a robotic limb can experience little
to no load or resistance during a portion of the gait cycle,
such as during a free-swing portion. However, upon a
heel-strike portion of the gait cycle, a maximum load or
resistance 1s almost immediately experienced by the robotic
limb. In contrast, during an operation such as a squat, a load
or resistance experienced by the robotic limb can change 1n
a gradual manner. This can present challenges to create the
required force profile while efliciently controlling power

consumption to account for such different operations.

SUMMARY

An mitial summary of the disclosed technology 1s pro-
vided here. Specific technology examples are described in
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2

turther detail below. This 1nitial summary 1s intended to set
forth examples and aid readers 1n understanding the tech-
nology more quickly, but 1s not intended to identily key
features or essential features of the technology nor 1s it
intended to limit the scope of the claimed subject matter.

According to one example in the present disclosure, a
robotic joint system 1s provided that can improve operating
elliciencies of a ground-contacting robot, such as during gait
or a gait cycle (walking, running, squatting, etc.). The
robotic joint system can comprise a first support member, a
second support member, and a joint assembly rotatably
coupling the first support member to the second support
member about an axis of rotation. The joint assembly can
comprise a passive actuation system coupled between the
first and second support members. The passive actuation
system can comprise a passive actuator operable to store
energy and to release energy to apply a torque to the joint
assembly and the first and second support members, and a
length adapter coupled to the passive actuator operable to
selectively direct the output of the stored energy of the
passive actuator.

In some examples, the length adapter can comprises a
hydraulic cylinder that 1s coupled in series with the passive
actuator. The hydraulic cylinder can comprise a piston
disposed 1n an internal piston chamber. The piston can
separate the mternal piston chamber into a first chamber and
a second chamber. The hydraulic cylinder can also comprise
a piston rod attached to the piston. The piston rod can extend
outside the hydraulic cylinder and can connect to the joint
assembly, the first support member, or the second support
member. The hydraulic cylinder can also comprise an
incompressible fluid disposed 1n the first and second cham-
bers.

In some examples, the length adapter can further comprise
a tlmd passageway connecting the first and second cham-
bers, and a valve disposed on the tluid passageway to control
fluid tflow between the first and second chambers. When the
valve 1s closed, a position of the piston within the internal
piston chamber can be immovable. When the valve 1s open,
the piston can be moveable (1.e., displaceable) within the
internal piston chamber.

In some examples, the first and second support members
can be an upper leg member and a lower leg member
rotatable relative to one another about a joint provided by the
joint assembly (e.g., a knee joint of a gait-capable robotic
system, such as a wearable exoskeleton, a humanoid robot,
etc.). As an example, the valve and passageway connecting
the first and second chambers can be configured to be
opened during a free swing portion of a walking gait cycle.

In some examples, the length adapter can further comprise
a one-way valve 1n the tluid passageway. The one-way valve
can allow fluid to flow between the first and second cham-
bers to allow the piston and the piston rod to move to an
extended position. In some examples, the piston rod extends
from both sides of the piston. The passive actuator can
comprise a blind bore into which the piston rod extends.

In some examples, the passive actuator can comprise an
actuator piston disposed 1n an actuator housing. The actuator
piston can separate an internal piston chamber of the actua-
tor housing mto a compression chamber and an expansion
chamber. The passive actuator can comprise an orifice
configured and operable to connect the compression cham-
ber and the expansion chamber. In one example, the orifice
can be configured to provide a limit on the flmd tlow
velocity, or in other words, to provide or facilitate choked
flow of the fluid from the compression chamber to the
expansion chamber. The orifice can be tuned to control the
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stored energy 1n the passive actuator and to control the first
torque applied by the passive actuator. The orifice can be
disposed 1n the actuator piston.

In some examples, the passive actuator can also comprise
a one-way valve between the compression chamber and the
expansion chamber. The one-way valve can be operable to
allow gas to flow from the expansion chamber to the
compression chamber when a pressure 1n the expansion
chamber 1s greater than a pressure in the compression
chamber.

In some examples, the length adapter can comprise a
mechanical linkage. The mechanical linkage can comprise a
hinged rod having a plurality of segments joined by one or
more hinges. A frame support surface can be operable to
support a hinge of the one or more hinges 1n a rigid state of
the length adapter.

In some examples, the mechanical linkage can comprise
a bistable mechanism. The length adapter can comprise a
rotary actuator operable to rotate a segment of the plurality
of segments. The rotary actuator can be operable to rotate the
segment and the hinge away from the frame support surface
and past an unstable equilibrium to transition the length
adapter into a moveable state. The length adapter can direct
the output of the stored energy of the passive actuator to
apply the first torque when the length adapter 1s in the ngid
state. The length adapter can also direct the output of the
stored energy of the passive actuator to absorb the stored
energy 1n the length adapter when the length adapter 1s 1n the
movable state.

In some examples, the joint assembly can be disposed at
a knee jomnt, and the first support member and a second
support member can comprise an upper leg member and a
lower leg member, respectively, of a robotic leg. The length
adapter can be operable to be 1n the ngid state when the
robotic leg 1s between heel-strike and toe-off during a
walking or running gait cycle. The length adapter can also be
operable to be 1 the movable state when the robotic leg 1s
between toe-ofl and heel-strike during the walking or run-
ning gait cycle.

In another example of the present disclosure, a method for
recovering energy in a robotic leg during movement 1s
provided. The method can comprise storing energy in a
passive actuator of a joint assembly between first and second
support members of the robotic leg and operating a length
adaptor coupled to the passive actuator to be 1n a ngid state
at heel strike during a walking gait cycle of the robotic leg.
Between the heel strike and toe-off of the walking gait cycle
of the robotic leg, the method can comprise at least storing
and partially returning the stored energy from the passive
actuator by a first torque applied by the passive actuator. At
toe-oil of the walking gait cycle of the robotic leg (i.e.
during the leg swing phase of the gait cycle), the method can
comprise operating the length adaptor to be 1n a movable
state such that rotation of the joint assembly 1s controlled by
a user and/or a primary actuator of the joint assembly
between toe-oil and heel strike of the walking gait, and such
that energy remaining 1n the passive actuator 1s absorbed by
the length adapter.

In some examples, the method can comprise storing
energy 1n the passive actuator during descent in a squatting
cycle, and at least partially returning the stored energy from
the passive actuator by a second torque applied by the
passive actuator during ascent 1 a squatting cycle. The
length adapter can be operated in the rigid state during the
squatting cycle, and the passive actuator can be configured
to be relatively more rigid during the walking gait cycle than
during the squatting cycle.
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In another example of the present disclosure, a passive
actuation system 1s provided. The passive actuation system
can comprise a passive actuator operable to store energy and
to release energy, and a length adapter coupled to the passive
actuator and operable to selectively direct the output of the
stored energy to either be transierred to an external device
or to be substantially absorbed (“substantially” here mean-
ing that the energy 1s absorbed minus negligible losses) by
the length adapter.

In some examples, the length adapter can comprise a
hydraulic cylinder that 1s coupled in series with the passive
actuator. The hydraulic cylinder can comprise a piston
disposed 1n an internal piston chamber. The piston can
separate the imternal piston chamber into a first chamber and
a second chamber. The hydraulic cylinder can also comprise
a piston rod attached to the piston and extending outside the
hydraulic cylinder. In some examples, an mmcompressible
fluid can be disposed 1n the first and second chambers.

In some examples, the length adapter can further comprise
a tluid passageway connecting the first and second cham-
bers, and a valve disposed on the tluid passageway to control
fluid flow between the first and second chambers. When the
valve 1s closed, a position of the piston within the internal
piston chamber can be immovable, and when the valve 1s
open, the piston can be moveable (1.e., displaceable) within
the internal piston chamber. In some examples, the external
device 1s an actuator joint assembly at a knee joint of a
robotic system. The valve can be configured to be opened
during a free swing portion of a walking gait cycle of the
robotic system.

In some examples, the length adapter further comprises a
one-way valve 1n the fluid passageway. The one-way valve
can allow fluid to flow between the first and second cham-
bers to allow the piston and the piston rod to move to an
extended position. In some examples, the piston rod can
extend from both sides of the piston. The passive actuator
can comprises a blind bore into which the piston rod
extends.

In some examples, the passive actuator can comprise an
actuator piston disposed 1n an actuator housing. The actuator
piston can separate an internal piston chamber of the actua-
tor housing into a compression chamber and an expansion
chamber. The passive actuator can comprise an orifice
operating as a choked flow channel connecting the compres-
sion chamber and the expansion chamber. The orifice can be
tuned to control the stored energy in the passive actuator and
to control the first torque applied by the passive actuator. The
orifice can be disposed 1n the actuator piston.

In some examples, the passive actuator can also comprise
a one-way valve between the compression chamber and the
expansion chamber. The one-way valve can be operable to
allow gas to flow from the expansion chamber to the
compression chamber when a pressure in the expansion
chamber 1s greater than a pressure i1n the compression
chamber.

In some examples, the length adapter can comprise a
mechanical linkage. The mechanical linkage can comprise a
hinged rod having a plurality of segments joined by one or
more hinges. A frame support surface can be operable to
support a hinge of the one or more hinges 1n a rigid state of
the length adapter.

In some examples, the mechanical linkage can comprise
a bistable mechanism. The length adapter can comprise a
rotary actuator operable to rotate a segment of the plurality
of segments. The rotary actuator can be operable to rotate the
segment and the hinge away from the frame support surface
and past an unstable equilibrium to transition the length
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adapter 1nto a moveable state. The length adapter can direct
the output of the stored energy of the passive actuator to
apply the first torque when the length adapter 1s in the ngid
state. The length adapter can also direct the output of the
stored energy of the passive action to absorb the stored
energy in the length adapter when the length adapter 1s 1n the
movable state.

In some examples, the joint assembly can be disposed at
a knee jomnt, and the first support member and a second
support member can comprise an upper leg member and a
lower leg member, respectively, of a robotic leg. The length
adapter can be operable to be 1n the rigid state when the
robotic leg 1s between heel-strike and toe-off during a
walking or running gait cycle. The length adapter can also be
operable to be 1n the movable state when the robotic leg 1s
between toe-ofl and heel-strike during the walking or run-
ning gait cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the invention will be apparent
from the detailed description which follows, taken 1n con-
junction with the accompanying drawings, which together
illustrate, by way of example, features of the invention; and,
wherein:

FIG. 1A 1s an 1sometric view of a robotic system, namely
a wearable robotic exoskeleton, having at least one actuator
joint assembly 1n accordance with an example of the present
disclosure:

FIG. 1B 1s another isometric view of the robotic system
of FIG. 1A;

FIG. 2A 1s a side view of a robotic joint system of the
robotic system of FIGS. 1A and 1B, the joint system
comprising an actuator joint assembly connected to first and
second support members 1n accordance with an example of
the present disclosure, with the first and second support
members shown 1n an extended position;

FIG. 2B 1s a side view of the robotic joint system of FIG.
2A, with the support members shown in an intermediate
position;

FIG. 2C 1s a side view of the robotic joint system of FIG.
2A, with the support members shown 1n a flexed position;

FIG. 3A 1llustrates a side view of the robotic joint system
of FIG. 2A with a panel of the housing removed to show
internal features and components of the robotic joint system,
the robotic joint system being shown in an extended posi-
tion;

FIG. 3B illustrates a side view of the robotic joint system
of FIG. 2A with a panel of the housing removed to show
internal features and components of the robotic joint system,
the robotic joint system being shown 1n a retracted position;

FI1G. 4 illustrates a schematic view of a passive actuation
system of the robotic joint system according to one example
ol the present disclosure;

FIG. 5A to FIG. 5D illustrate schematic views of a robotic
limb and an exemplary corresponding position and configu-
ration of the passive actuation system shown in FIG. 4.

FIG. 6 1illustrates an exemplary torque curve showing a
torque applied by a passive actuation system of the robotic
joint system at various angles during movements of the
robotic joint system.

FIGS. 7TA-7C show a schematic view of a mechanical
length adapter type of a passive actuation system, according
to one example of the disclosure.

Reference will now be made to the exemplary embodi-
ments 1llustrated, and specific language will be used herein
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to describe the same. It will nevertheless be understood that
no limitation of the scope of the invention 1s thereby
intended.

DETAILED DESCRIPTION

As used herein, the term “substantially” refers to the
complete or nearly complete extent or degree of an action,
characteristic, property, state, structure, item, or result. For
example, an object that 1s “substantially” enclosed would
mean that the object 1s either completely enclosed or nearly
completely enclosed. The exact allowable degree of devia-
tion from absolute completeness may 1n some cases depend
on the specific context. However, generally speaking the
nearness of completion will be so as to have the same overall
result as 1f absolute and total completion were obtained. The
use of “substantially” 1s equally applicable when used 1n a
negative connotation to refer to the complete or near com-
plete lack of an action, characteristic, property, state, struc-
ture, item, or result.

One example of a robotic system 100 i1s generically and
graphically illustrated in FIGS. 1A and 1B. The robotic
system 100 1s shown in the form of an exoskeleton, and
particularly a lower or lower body exoskeleton wearable by
a user about the lower body. However, this i1s not intended
to be limiting 1n any way as the concepts discussed herein
can be applicable to and incorporated into or implemented
with various types of robotic devices, such as exoskeletons
(both upper and lower body exoskeletons), humanoid robots
or robotic devices, teleoperated robots or robotic devices,
robotic arms, unmanned ground robots or robotic devices,
master/slave robots or robotic devices (1including those oper-
able with or within a virtual environment), and any other
types as will be apparent to those skilled 1n the art. In other
words, with the robotic system 100 in the form of an
exoskeleton as an example, the exoskeleton(s) as disclosed
herein can be configured as a full-body exoskeleton, such as
that shown 1n FIGS. 1A and 1B, or as only a lower body
exoskeleton (e.g., some or all of the lower body portion of
the exoskeleton of FIGS. 1A and 1B), or as only an upper
body exoskeleton (e.g., some or all of the upper body portion
of the exoskeleton of FIGS. 1A and 1B).

The robotic system 100 can comprise one or more actua-
tor joint assemblies that provide and facilitate movement of
the robotic system 100 1n one or more degrees of freedom.
Some or all of the actuator joint assemblies can comprise a
primary actuator and/or a passive or a quasi-passive actuator.

A “jomnt assembly” refers to a structure or assembly at a
joint between two or more members (e.g., structural mem-
bers, such as structural members that make up part of a limb
of an exoskeleton or other type of robotic system) that
connect the two or members to each other. A joint assembly
can optionally 1nclude structure or an assembly that allows
relative movement of the two or more members at the joint,
such as to allow the two or more members to rotate relative
to one another, or to allow the two or more members to
translate relative to each other (in the case of a prismatic
joint). A joint assembly can also optionally include actuators
and/or linkages connected to the two or more members to
facilitate or cause the relative movement of the two or
members at the joint.

An “actuator joint assembly” comprises a joint assembly
having one or more actuators configured to be actuatable to
cause relative movement between the two or more members
at the joint. In some examples, the actuators can comprise at
least one of a primary actuator or a passive or quasi-passive
actuator, which facilitates rotation of the joint assembly.
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A “qomt” 1s defined as a place where two or more
members are joined together. The two or more members can
be joined together at a joint such that there i1s no relative
movement between the members or such that the members
can move relative to one another 1n one or more degrees of
freedom.

A “member” 1s a rigid support that 1s a constituent part of
a structure or system. For example, 1n the robotic system
described herein, a member of the robotic system can
correspond to a limb portion of a human body, such as an
upper leg, a lower leg, an upper arm, etc. that extend
between and are connected at joints of the robotic system.

In some examples, the upper extremity actuator joint
assemblies (1.e., those 1n the upper body exoskeleton) can
comprise a different configuration and/or function as com-
pared to lower extremity actuator joint assemblies (i.e.,
those 1n the lower body exoskeleton). In other examples,
they can comprise a similar configuration and function. For
example, lower extremity actuator joint assemblies can
provide an energy recovery mechanism and function during
a portion of cyclic motions, such during a portion of a
walking or running gait cycle, and an ability to move during,
other parts of the gait cycle (e.g. during the leg swing portion
of the walking gait cycle) or for other activities. Upper
actuator joint assemblies can provide gravity compensation
and function, such as for gravity compensation when the
upper extremities are 1 support of a load, such as cargo,
armor, weapon masses, or any other load carried by the
robotic system 100.

In both cases, an energy storage and recovery passive
actuator can be mncorporated 1nto an actuator joint assembly
and can function to reduce the demand on the power supply
and on the primary actuators that may be used to do work 1n
parallel with the passive actuators. Further, the passive
actuator can improve the overall efliciency of the robotic
system 100 compared to a similar robotic system without the
benelit of one or more passive actuators. It 1s noted that, in
example robotic systems, such as those described herein, the
types of passive actuators used at the different joints and
within the associated actuator joint assemblies can be the
same or different. Using the example of the robotic system
100, the same or different passive actuators can be used
between the upper and lower extremities of the robotic
system 100, or between the various actuator joint assemblies
within the upper extremity (the same being the case with the
lower extremity), or between various actuator joint assems-
blies within the same limb.

A passive actuator described herein refers to an actuator
that 1s not directly actuatable, but that can provide a force or
torque after on being acted upon by a torque, force, or load
external to the passive actuator. For example, the passive
actuators described herein can comprise air springs that have
a continuous active state. In some examples, the passive
actuators described herein can be referred to as quasi-
passive actuators because they can be operable 1n both an
active and an 1nactive state or mode of operation (as com-
pared to being enftirely passive actuators (e.g., simple
springs) that are always either storing energy or releasing
energy during all rotational movements of a joint, or other
movements ol a mechanical system). Depending upon the
configuration, example quasi-passive actuators can com-
prise a first active state in which the quasi-passive actuators
can be actuated to store and release energy to provide a
spring-like function during various rotations of a joint of the
robotic system, a second 1nactive state in which the quasi-
passive actuators can be caused to be inactive, such that
energy 1s stored and released not 1n a spring-like manner or
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function, but rather 1n a near constant force actuator manner
or function (in some configurations the quasi-passive actua-
tors can behave as a constant force actuator to apply a
residual biasing force to the joint) during various rotations of
the joint, and 1n some cases, depending upon the type and/or
configuration of the quasi-passive actuators, a third semi-
active or partially active state in which the quasi-passive
actuators can be partially actuated to store and release
energy during various rotations of the joint, such as via
control of a valve associated with the quasi-passive actuator.
In some example robotic systems, the quasi-passive actua-
tors can be switchable 1n real-time between the diflerent
modes or states of operation as needed or desired depending
on, for example, needed or desired tasks and corresponding
rotation movements, various torque or load requirements of
the one or more joints of the robotic system, or needed or
desired braking forces. Examples of quasi-passive actuators
are set forth 1 U.S. application Ser. No. 17897762, which
was filed on Aug. 29, 2022, the contents of which are hereby
incorporated by reference.

In some examples, the robotic system 100 can comprise
an upper exoskeleton and a lower exoskeleton, each having
left and right exoskeleton limbs. With reference to the lower
exoskeleton limb 102 as an example, exoskeleton limb 102
can comprise a plurality of rotatably coupled support mem-
bers 104a-¢ that are each part of one or more joint systems,
and that are rotatable via one or more joint assemblies (i.e.,
a support member can be part of more than one joint
system). Some of the joint assemblies may or may not
comprise an actuator joint assembly having a passive or
quasi-passive actuator. Indeed, some of the joint assemblies
can comprise a powered joint assembly without a passive or
quasi-passive actuator, or an unpowered joint assembly
(moveable by a force applied by a human). The support
members 104a-e can each comprise a single rigid structural
support or a collection of rigid, structural supports, that are
directly or indirectly coupled together, that extend(s) from a
joint or that extend(s) between two joints within the limb
102 of the exoskeleton, or that link the joints together, much
like the bones 1n the human body extending from or between
various joints.

The support members 104a-e can be respectively coupled
together for relative movement at respective joints, such as
the joints provided by the actuator joint assemblies 106a-d,
cach of these defining and providing a degree of freedom
about a respective axis of rotation 108a-d. The rotational
degrees of freedom about the axes of rotation 108a-d can
correspond to one or more degrees of freedom of the human
leg. For example, the rotational degrees of freedom about
the axes 108a-d can correspond, respectively, to hip abduc-
tion/adduction, hip flexion/extension, knee tlexion/exten-
sion, and ankle flexion/extension. Similarly, although not
shown, degrees of freedom about respective axes of rotation
within an upper body exoskeleton can correspond to one or
more degrees of freedom of a human arm. For example, the
degrees of freedom about the axes of rotation in an upper
body exoskeleton limb can correspond to shoulder abduc-
tion/adduction, shoulder flexion/extension, shoulder medial/
lateral rotation, elbow flexion/extension, wrist pronation/
supination, and wrist flexion/extension. A degree of freedom
corresponding to wrist abduction/adduction can also be
included, as desired.

A human user or operator may use or interact with the
exoskeleton robotic system 100 by interfacing with the
robotic system 100. This can be accomplished in a variety of
ways. For example, an operator may interface with the
robotic system 100 by placing his or her foot into a foot
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portion of the system, where the foot of the operator can be
in contact with a corresponding force sensor. Portions of the
human operator can also be in contact with other force
sensors of the exoskeleton robotic system 100 located at
various locations of the robotic system 100. For example, a
hip portion of the robotic system 100 can have one or more
force sensors configured to iteract with the operator’s hip.
The operator can be coupled to the robotic system 100 by a
waist strap or other appropriate coupling device. The opera-
tor can be turther coupled to the robotic system 100 by a foot
strap or other securing mechamism. In one aspect, various
force sensors can be located about a hip, knee or ankle
portion of the robotic system 100, corresponding to respec-
tive parts of the operator. While reference 1s made to sensors
disposed at specific locations on or about the robotic system
100, 1t should be understood that position or force sensors,
or both, can be strategically placed at numerous locations on
or about the robotic system 100 1n order to facilitate proper
operation of the robotic system 100.

As a general overview, actuator joint assemblies 106a-d
can be associated with various degrees of freedom of the
exoskeleton to provide forces or torques to the support
members 1n the respective degrees of freedom. Unlike
traditional exoskeleton systems and devices, the robotic
system 100 can be configured, such that one or more
actuator joint assemblies are configured to recover energy at
select times during operation of the robotic system, which
can reduce complexity and power consumption of the
robotic system 100. For example, the actuator joint assembly
106¢, which defines a degree of freedom corresponding to a
degree of freedom of knee flexion/extension, can be con-
figured with a passive or quasi-passive actuator to store
energy during a first rotation (e.g., a first gait movement
(between heel strike and toe ofl), or during descent of the
robot 1nto a squatting position) and then release such energy
during a second rotation (e.g., a second gait movement (at
toe ofl and during swing phase), or during ascension of the
robot from a squatting position) to apply a torque to the joint,
or more specifically to one or more components making up
the joint (e.g., the output member) to rotate the joint, of the
tunable actuator joint assembly 106c that facilitates knee
flexion/extension. In doing so, the movement cycle of the
exoskeleton type robotic system 100 1s made more eflicient
as compared to a similar robotic system without a passive or
quasi-passive actuator as energy 1s able to be stored and
released at select and precise moments during a movement
cycle (such as during a squat or while walking). Additional
actuator joint assemblies 1066 and 1064 combined with the
actuator joint assembly 106c¢ can still further increase the
elliciency of the robotic system 100 by storing and releasing
energy at precise and select times during rotation of their
respective jomnts 10756 and 107d4. In some examples, the
actuator joint assembly 106¢ and 1ts passive or quasi-passive
actuator can be dynamically tuned (i.e., tuned 1n real time)
to comprise different operating capabilities depending upon
the type of motion to be performed by the exoskeleton. In
such cases, the actuator joint assembly can be termed a
tunable actuator joint assembly.

In one aspect, the torque from the passive or quasi-passive
actuator of the actuator joint assembly 106¢ can be consid-
ered part of an augmented torque at the joint in that 1t
combines with the torque generated by a primary actuator of
the actuator joint assembly 106c¢. In this example, a primary
actuator can be considered to apply a primary torque, and the
passive or quasi-passive actuator can apply a torque that
combines with the primary torque to generate an augmented
torque at the joint. The torque from the passive or quasi-
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passive actuator can be applied in parallel with the primary
torque to assist the primary actuator to rotate the support
members connected at a joint of the joint system and to the
actuator joint assembly 106c¢. 1n other examples, the torque
from the quasi-passive actuator can be applied to assist
(torques are applied 1n the same sign or rotational direction)
or to work against the torque from the primary actuator (the
torques are applied i different signs or rotational direc-
tions).

The actuator joint assemblies 106a-d can thus comprise a
passive or quasi-passive mechanism that, in one advantage,
1s operable to recover energy (e.g., energy lost during some
motions of the robotic system) to reduce or minimize power
consumption required to actuate the joint assemblies 106a-d.
Therefore, when combining a plurality of actuator joint
assemblies within a robotic system, such as the lower body
exoskeleton shown i FIGS. 1A and 1B, for example, a
significant amount of energy can be recovered and utilized
during movement (via hip, knee, and ankle joints), which
can reduce weight, size, complexity, and overall power
consumption of the exoskeleton.

In the example of a quasi-passive actuator, the actuator
joint assembly 106¢ can be selectively controlled, such that
the quasi-passive actuator can be engaged to operate (1.e.,
caused to enter an active or operating state or condition 1n
which the quasi-passive actuator 1s operable and enabled to
store and release energy (an active or a semi-active state 1n
some examples, depending upon the type and/or configura-
tion of the valve assembly controlling the quasi-passive
actuator)) and disengaged from operation (i.e., caused to
enter an 1nactive or non-operating state or condition or
configuration where it neither stores nor releases energy 1n
a spring-like manner, but stores and releases energy 1n a near
constant force actuator manner (stores and releases a rela-
tively low amount of energy)) during joint rotation. In the
inactive state, this can facilitate the “free swing” of the joint
with reduced or negligible resistance to the rotation of the
joint as the operator walks or runs, for instance. On the other
hand, by operating in parallel with the primary actuator (e.g.,
actuation of a primary motor operable to actuate the joint),
the quasi-passive actuator can provide or apply a torque 1n
parallel with the torque provided by the primary actuator
(1.e., a torque that combined with the torque generated by the
primary actuator). In some examples depending on the
motion or operation, the quasi-passive actuator can apply a
torque that works with a torque provided by the primary
actuator (1.¢. the torques provided by the quasi-passive
actuator and the primary actuator are applied in the same
direction), and 1n other examples the quasi-passive actuator
can apply a torque that works against a torque provided by
the primary actuator (1.e. the torques provided by the quasi-
passive actuator and the primary actuator can be applied in
different directions. In some examples, such as when the
quasi-passive actuator acts 1n a semi-active state, the quasi-
passive actuator can apply a braking force to the joint, such
as by operating as a damper.

The guasi-passive actuator of the tunable actuator joint
assembly 106¢ can comprise a compact internal valve that
can be controlled and operated to change the states or modes
of the quasi-passive actuator, namely to switch between an
active state (where the actuator acts as a spring for transient
energy storage and recovery), and an inactive state (where
the quasi-passive linear pneumatic actuator does not store or
release energy 1n a spring-like manner, but instead employs
a shunting function that allows the quasi-passive actuator
(e.g., a piston and piston cylinder 1n a linear pneumatic type
of actuator) to move (1.e., the piston displaces) via the fluid
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moving within the quasi-passive actuator and the valve
assembly upon movement or rotation of the joint, except for
friction and movement of fluid through the valve assembly
and/or for a residual biasing force that can be configured
with the quasi-passive actuator). Depending upon the type
and configuration of the valve, the quasi-passive actuator
can also be switched mto a semi-active state by partially
opening the valve (or by actuating the valve using pulse-
width modulation). Moreover, the tunable actuator joint
assembly 106¢ can be “tuned” to comprise a desired stifl-
ness. Thus, the magnitude of stiflness for a given joint 1s
adjustable or variable for mission or task specific payloads
and terrain-specific gaits while the active valve controls
exactly when that stifiness 1s activated and engaged for
energy storage and recovery, and when it 1s mactive and
disengaged to enable movement within the quasi-passive
actuator and to facilitate free swing of the associated joint
and joint system. The result 1s eflectively a quasi-passive
mechanism that, 1n one advantage, 1s selectively operable to
recover energy (e.g., energy lost during some motions of the
associated joint and joint system), and to reduce or mimmize
power consumption required to actuate the joint and joint
system. Therefore, when combining a plurality of tunable
actuator joint assemblies within the robotic system 100, such
as the exoskeleton shown, for example, a significant amount
ol energy can be recovered and utilized during movement
via respective robotic joint systems, such as those corre-
sponding to shoulder, elbow, wrist, hip, knee, and ankle
joints of a human, which can reduce weight, size, complex-
ity, and overall power consumption of the robotic system
100.

As indicated above, the robotic system 100 can comprise
various exoskeleton limbs as part of the full body exoskel-
cton shown. The full body exoskeleton can comprise an
upper body exoskeleton portion and a lower body exoskel-
cton portion operable with the upper body exoskeleton
portion, with each portion comprising one or more degrees
of freedom of movement facilitated by one or more joint
assemblies, including one or more actuator joint assemblies
having a passive or quasi-passive actuator. Each of the upper
and lower body exoskeleton portions can comprise leit and
right exoskeleton limbs. For example, the right exoskeleton
limb 102, which 1s part of the lower body exoskeleton
portion, can comprise a plurality of lower body support
members 104a-e¢ and joints 107a-d. The support members
104a-e can be coupled together as shown for relative move-
ment about a plurality of respective joints 107a-d defining a
plurality of degrees of freedom about respective axes of
rotation. The right exoskeleton limb 102 can comprise a
plurality of actuator joint assemblies (e.g., see actuator joint
assemblies 106a, 1066, 106¢ and 106d) defining and pro-
viding at least some of the respective joints 107a-d. In some
robotic system configurations, the actuator joint assemblies
having passive or quasi-passive actuators can be combined
with joint assemblies that do not have or possess a passive
Or quasi-passive actuator, or a primary actuator, or both. For
example, the right lower exoskeleton limb 102 shown can
comprise a joint assembly 1064 having a joint 107¢ that
rotates about an axis of rotation 108e, which corresponds to
medial/lateral rotational degree of freedom of a hip of a
human. In one example, the joint assembly 106e can com-
prise an actuator. In another example, the joint assembly
106¢ can be a completely passive joint assembly without an
actuator that 1s rotated under the power of the operator. In
both of these examples, the joint assembly 106¢ can be
configured without a passive or quasi-passive actuator.
However, 1t 1s noted that the joint assembly 106e can, 1n

10

15

20

25

30

35

40

45

50

55

60

65

12

another example, comprise a quasi-passive actuator, and
thus be considered a tunable actuator joint assembly. Indeed,
in this example, the quasi-passive actuator can be 1mple-
mented or incorporated into the joint assembly 106e to store
and release energy 1n an active state, and/or to provide a
biasing function that biases the joint 107¢ to a default
rotational position in an nactive state similar to other joint
systems discussed herein. In the active state, the quasi-
passive actuator can be configured to function as a spring to
store and release energy upon rotation of the joint 107e by
the user (or a primary actuator of the joint assembly 106¢),
which 1n turn causes the quasi-passive actuator to apply a
torque to the joint 107e to rotate the joint 107e as discussed
herein. Alternatively, as the quasi-passive actuator can be
configured with a default inactive state where 1t behaves as
a constant force actuator (1.¢., the valve assembly controlling
the quam-passwe actuator havmg a default open position),
the quasi-passive actuator, and therefore the joint 107¢, can
be biased to the default position due to the difference in
forces acting on both sides of the piston cylinder of the
quasi-passive actuator.

Each joint system can comprise a joint assembly, and each
joint assembly can comprise a joint. In other words, one or
more of the joints 107a-e can be part of one of the respective
joint assemblies 106a-e, or the joint assemblies 106a-e can
comprise one or more of the joints 107a-e. As indicated, a
jomt assembly can comprise an actuator joint assembly
having a primary actuator and/or a passive or quasi-passive
actuator. As one example, the right limb 102 of the exoskel-
cton shown can comprise the actuator joint assembly 106¢,
which can be disposed at and can comprise the right knee
jomt 107¢ operable to facilitate movement of the robotic
system 100 1n a degree of freedom corresponding to a knee
flex/extend degree of freedom in a human. In another
example, the right limb 102 of the exoskeleton shown can
comprise an actuator joint assembly 106a, which can be
disposed at and can comprise the hip joint 107a operable to
tacilitate movement of the robotic system 100 1n a degree of
freedom corresponding to a hip abduction/adduction degree
of freedom of a human. In still another example, the right
limb 102 of the exoskeleton shown can comprise an actuator
jomt assembly 1065, which can be disposed at and can
comprise the hip joint 1075 operable to facilitate movement
of the robotic system 100 1n a degree of freedom corre-
sponding to a hip flex/extend degree of freedom of a human.
In still another example, the right limb 102 of the exoskel-
cton shown can comprise an actuator joint assembly 1064,
which can be disposed at and can comprise the ankle joint
107d operable to facilitate movement of the robotic system
100 about 1n a degree of freedom to rotate about axis 1084
corresponding to an ankle flex/extend degree of freedom of
a human.

It will be appreciated, although not detailed herein, that
the robotic system 100 can comprise other joint systems
having respective joint assemblies at various joints. For
example, the exoskeleton shown can comprise other joints,
such as joints of the lower left extremity and joints of the
upper left and nght extremities of the exoskeleton. A joint
assembly or actuator joint assembly can be disposed at each
of these joint, and each joint assembly or actuator joint
assembly can define and provide a degree of freedom about
a respective axis of rotation. Moreover, some of these other
joint assemblies can comprise actuator joint assemblies
having a primary actuator and/or a passive or quasi-passive
actuator, as described herein. For example, 1t will be appar-
ent to those skilled in the art that the various degrees of
freedom about various axes of rotation in the upper body
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exoskeleton of the robotic system 100 can correspond to
shoulder abduction/adduction, shoulder flexion/extension,
shoulder medial/lateral rotation, elbow flexion/extension,
wrist pronation/supination, and wrist flexion/extension. A
degree of freedom corresponding to wrist abduction/adduc-
tion can also be mcluded, as desired. Similarly, the various
degrees of freedom about various axes of rotation in the
lower body exoskeleton of the robotic system 100 can
correspond to hip abduction/adduction, hip flexion/exten-
sion, knee flexion/extension, ankle medial/lateral rotation,
and ankle flexion/extension. Each of these degrees of free-
dom and their axes of rotation can be provided by a joint
assembly (which can comprise 1n any of these an actuator
joint assembly) operable with respective support members
rotatable relative to one another via a joint of the respective
joint assembly as part ol a respective joint system, as
discussed herein.

FIGS. 2A-2C illustrate side views of a joint system 300
comprising the first and second support members 305a and
305H and the actuator joint assembly 106¢ of the robotic
system 100 of FIGS. 1A and 1B, i various rotational
positions or orientations. FIGS. 3A and 3B illustrate side
views of the joint system 300 of FIGS. 2A-2C with a panel
of the housing removed to show internal features of the
actuator joint assembly 106c. With reference to FIGS.
1A-3B, the joint system 300 can comprise the actuator joint
assembly 106¢ and first and second support members 305q
and 3055 connected to the actuator joint assembly 106¢. The
support members 305a and 30556 rotate relative to one
another about the axis of rotation 108¢ via the joint 107¢.
The actuator joint assembly 106¢ can be incorporated nto a
robotic or robot limb, such as into the lower right limb of the
exoskeleton type robotic system 100 (see FIGS. 1A and 1B)
at the knee joint 107¢. However, the actuator joint assembly
106¢c, as discussed herein, provides one example of an
actuator joint assembly that can be used at any of the joints
of the robotic exoskeleton 100. Generally speaking, an
actuator joint assembly configured in accordance with the
disclosure herein can facilitate movement of the robotic
system 1n a degree of freedom, namely rotation between
rotatably coupled support members of a robot or robotic
system that are operable with the actuator joint assembly at
a jomt between the support members. Any of the actuator
joint assemblies herein can include various linkages, con-
nectors and/or actuators to enable the actuator joint assem-
bly to facilitate a desired movement between the rotatably
coupled support members of the joint system.

The example joint system 300 with its actuator joint
assembly 106c¢ can comprise and be disposed at the knee
joint 107¢ facilitating a tlexion/extension degree of freedom
in the robotic system 100 corresponding to a knee tlexion/
extension degree of freedom of a human, as discussed
above. The joint assembly 106¢ can facilitate rotation at the
knee joint 107¢ about an axis of rotation 108¢. The actuator
joint assembly 106¢ can turther comprise a primary actuator
306 operable to apply a primary torque to cause rotation
between the support members 3054, 3055 connected at the
joint 107 ¢ and thus flexion/extension 1n the limb 102 via the
joint 107c¢.

The joint system 300 can further comprise a first support
member 305a and a second support member 3055 operable
with the actuator joint assembly 106¢ to be connected at the
joint 107¢, wherein the first and second support members
305a and 303H and the actuator joint assembly 106c¢ are
configured, such that the first and second support members
305a and 303H are able to rotate relative to one another
about the axis of rotation 108¢ to facilitate the flex/extend
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motion of the joint 107¢. The first support member 305a can
comprise a rigid limb component that can be configured 1n
any number of ways as will be apparent to those skilled 1n
the art. The second support member 3055 can also comprise
a rigid limb component that can be configured 1n any number
of ways as will be apparent to those skilled in the art,
wherein these are configured to be rotatable relative to one
another about the associated joint 107¢. The joint assembly
106¢ can {facilitate movement between the first support

member 305a¢ and the second support member 3035 1n a
flex/extend motion at the joint 107¢ about the axis of rotation
108c. In the example shown, the joint assembly 106c can
rotate the second support member 3035 relative to the first
support member 303a from a fully extended position, as

shown 1n FIG. 2A, to an intermediate position, as shown 1n
FIG. 2B, to a fully flexed position, as shown 1n FIG. 2C.

The actuator joint assembly 106¢ can comprise an output
member 302a (see FIGS. 3A and 3B) and an input member
3025 that are operable with the second support member
3055 and the first support member 305a, respectively, and
that can facilitate rotation of the first support member 303a
relative to the second support member 3055 about the axis
of rotation 108¢ (1.e. can facilitate rotation at the joint 107¢
between the first and second support members 305a, 3055
about the axis of rotation 108c¢). The output member 3024
can be part of or coupled to the primary actuator 306 (which
in this example, comprises an electric motor having an
output shaft, but in another example can comprise a motor
and one or more transmissions, 1n which the output member
302a can be coupled to the one or more transmissions). The
output member 302a can further be coupled to the second
support member 3055, The mput member 3025 can com-
prise the coupling ol a passive actuation system 400 (dis-
cussed 1 more detail below) to the first support member
3034 using various coupling components (e.g., a pin on the
first support member 305q that extends through an aperture
in the passive actuation system 400, and that 1s secured using
a bearing). The input member 3025 can be part of or coupled
to the first support member 30354, wherein the first and
second support members 305aq and 3035 are rotatable rela-
tive to one another via the mput and output members 3025
and 302a, respectively.

The actuator joint assembly 106¢ can comprise a primary
actuator 306 (e.g., an electric motor, electromagnetic motor,
or others as will be apparent to those skilled 1in the art)
operable to apply a primary torque to rotate the first and
second support members 305 and 30356 relative to one
another. In this example, the primary actuator 306 comprises
an electric motor that operates to apply the primary torque
to the output member 302q, and the second support member
303556 coupled thereto, to cause the second support member
3056 to rotate relative to the first support member 305q
about the axis of rotation 108¢. The primary actuator 306 can
be selectively controlled, or in other words, selectively
energized, and therefore, the primary torque applied to rotate
the first and second support members 305a and 30355 can be
selectively controlled. Selective control of the primary
actuator 306 can include, but 1s not limited to, control of the
timing of the energizing of the primary actuator 306 (1.c.,
when the primary actuator 306 is turned on and ofl), the
duration of the energization of the primary actuator 306 (i.¢.,
how long the primary actuator 306 1s on or off), as well as
the magnitude of the energy output and/or torque applied by
the primary actuator 306 (i1.e., the level of power output
and/or torque applied by the primary actuator 306). An
example of a primary actuator including a motor and a
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planetary transmission 1s more fully explained mn U.S. Pat.
No. 10,765,537, the contents of which are incorporated by
reference in their entirety.

As 1ndicated above, the actuator joint assembly 106¢ can
turther comprise a passive or a quasi-passive actuator oper-
able to store energy and release energy nto the joint system
300 via the tunable actuator joint assembly 106¢. In the
example shown, the actuator joint assembly can comprise a
passive actuation system 400 that comprises a passive or
quasi-passive actuator 450 that operates 1n parallel with the
primary actuator 306, and a length adapter 410 (discussed
below). The passive actuation system 400 can be controlled
and operable to store energy upon a first rotation or move-
ment of the input member 3025 and the first support member
305a relative to the output member 302¢ and the second
support member 3055, and to release energy, such as upon
a second rotation of the first member 305a relative to the
second member 3055 to apply a torque suflicient to cause
rotation of the joint system 300. The torque from the passive
actuation system 400 can be combined with the torque from
the primary actuator 306 to assist rotation of the output
member 302a.

In some examples, the torque from the passive actuation
system 400 can be utilized to minimize power consumption
of the primary actuator 306 (thus leading to the ability to
select a smaller, less powerful motor than might otherwise
be needed without the existence of a passive or quasi-
passive actuator). For example, the passive actuation system
400 can be utilized to store energy in the event where the
joint 107¢ 1s subject to forces that cause the first and second
support members 3054 and 30556 to rotate relative to one
another 1n a first direction (e.g. an applied torque from the
primary actuator 306, weight of components of the joint
system 300 and exoskeleton, weight from a load carried by
the exoskeleton, or others), and can be utilized to release
energy and provide a torque to help rotate the first and
second support members 3054 and 303556 1n a second direc-
tion.

The actuator joint assembly 106¢ can comprise a housing
303 1n which the components of the joint assembly 106¢ are
disposed. In some examples, the housing 303 can comprise
one or more stopper protrusions supported on the housing

303, and which serve to mechanically limit the rotation of

the second support member 3055 relative to the first support
member 305a 1n one or both rotational directions. In the
example shown, the one or more stopper protrusions coms-
prises an elongated stopper protrusion 304 that extends
along a panel of the housing 303 in different directions, and
that 1s strategically configured and positioned on the housing,
303 to prevent relative rotation of the first and second
support members 305aq and 3055 within the joint system 300
in both directions beyond a given angular rotation. The
functionality of the stopper protrusions 1s shown in FIGS.
2A and 2C, wherein the second support member 3055 is
engaged with different portions of the stopper protrusion 304
to stop or limit further rotation of the second support
member 30356 relative to the first support member 3055 at
different angular positions of the second support member
305b relative to the first support member 305a.

The housing 303 can facilitate a coupling or connection
between the tunable actuator joint assembly 106¢ and the
first and second support members 305a, 305b. In this
example, the housing 303 can be fixedly attached to the first
support member 30354 and can be rotatably coupled to the
second support member 305b. Accordingly, the input mem-
ber 3026 can be fixed to the housing 303, and therefore the
first support member 3034, such as via a pinned connection.
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The output member 302a can be connected to the housing
303 to allow for relative rotation of the output member 3024
(e.g. via bearings) and the housing 303 and can be fixedly
coupled to the second support member 3055. Of course, the
configuration 1s not intended to be limiting, and other
configurations and connections are also possible.

The output member 302a can be driven by the primary
actuator 306 to cause rotation of the second support member
3055 relative to the first support member 305q via the joint
107¢. In one example, the primary actuator 306 can com-
prise a motor. In another example, the primary actuator 306
can comprise a motor and a transmission. In another
example, the primary actuator 306 can comprise a motor, a
transmission, and one or more linkages to connect to and
drive the output member 3024 with a mechanical advantage.
An example of a primary actuator including a motor and a
planetary transmission 1s more fully explained in U.S. Pat.
No. 10,765,537, the contents ol which are incorporated by
reference in their entirety.

In the example shown, the output member 3024 can be 1n
line with the primary actuator 306. That 1s, the output
member 302a and the primary actuator 306 can be oriented
and arranged along and can rotate about the same axis of
rotation 108¢ (1.e., their rotational axes are collinear), which
axis of rotation 108c¢ 1s also the axis of rotation between the
first and second support members 305a, 3055. This allows
the packaging of the joint assembly 106¢ to be compact and
reduces the need for torque transfer devices such as belts,
pulleys, gears etc., further reducing complexity of the joint
assembly 106¢. However, this 1s not intended to be limiting
in any way as 1t 1s contemplated that, 1n some examples, the
primary actuator 306 can be offset from the axis of rotation
108¢ and operable to rotate the first and second support
members 305q, 30556 via one or more torque transier
devices.

The passive actuation system 400 can be coupled to the
input member 3025 at a first end of the passive actuation
system 400. A second end of the passive actuation system
400 can couple to the output member 3024 via a linkage 310.
Thus, the passive actuation system 400 can be considered to
be indirectly coupled to the first and second support mem-
bers 305a, 3056 as the connection to the first support
member 305q 1s through the mmput member 3025, and the
connection to the second support member 3055 1s through
the output member 302a via the linkage 310. In another
example, the passive actuation system 400 can be directly
coupled to one or both of the first and second support
members 303a, 3055, to one or more components associated
therewith (e.g., the housing 303 1n this example). No matter
the configuration of the passive actuation system 400, the
first and second support members 3035a, 3055 (or any
components associated therewith), and/or any linkage oper-
able therewith, the passive actuation system 400 is intended
to be coupled “between” the first and second support mem-
ber 305a, 3055, meaning that the passive actuation system
400 1s positioned and suitably coupled within the tunable
actuator joint assembly 106¢, such that the passive actuation
system can store energy upon rotation of the first and second
support members 3035a, 3055, or such that actuation of the
passive actuation system 400 results 1n a torque applied to
the actuator joint assembly 106¢ (e.g., a restoring torque, an
augmented torque, etc.). As shown 1 FIGS. 3A and 3B, the
linkage 310, and thus the output member 302a, can move or
displace from where a piston rod of the passive actuation
system 400 1s 1n an extended position shown i FIG. 3A
(which can correspond with an extended position of the
tunable actuator joint assembly 106¢ as shown in FIG. 2A)
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to where the piston rod of the passive actuation system 400
1s 1 a retracted position shown i FIG. 3B (which can
correspond with a flexed position of the tunable actuator
joint assembly 106¢ as shown 1n FIG. 2C). In this manner,
the passive actuation system 400 can be configured to store
energy upon a first rotation of the support members 3035a,
305b at the joint 107¢ (e.g. when the actuator joint assembly
106¢ moves from an extended position to a tlexed position
and the linkage 310 and piston rod 328 move from an
extended position to a retracted position) and can release
energy upon a second rotation of the support members 3035a,
305b (e.g. when the actuator joint assembly 106¢c moves
from the flexed position to the extended position and the
linkage 310 and piston rod 328 move or displace from the
retracted position to the extended position).

As mentioned above, the passive actuation system 400 of
the actuator joint assembly 106¢ can comprise a passive or
a quasi-passive actuator. The passive or quasi-passive actua-
tor can be formed to comprise or can be coupled with a
length adapter, as discussed herein. The passive actuation
system 400 can thus be defined by the combination of a
passive or quasi-passive actuator and a length adapter. FIG.
4 shows a schematic view of a passive actuation system 400
according to one example of the present disclosure. With
reference to FIGS. 1-4, the passive actuation system 400 can
comprise a length adapter 410 and a passive actuator 450. In
one example, the passive actuator 450 can comprise a single
state air spring (1.e., an air spring that 1s continuously active).
However, this 1s not intended to be limiting as the actuation
system 400 could have other configurations, such as the
passive actuator 450 comprising a multi-state quasi-passive
actuator. It 1s noted that while FIGS. 3A and 3B show the
passive actuation system 400 oriented such that the length
adapter 410 1s connected to the output member 302 and the
passive actuator 450 can be connected to the linkage 310, the
passive actuation system could be reversed such that the
length adapter i1s connected to the linkage 310 and the
passive actuator 410 1s connected to the output member
3025.

The passive actuator 450 can comprise a passive linear
pneumatic actuator or air spring. The passive linear pneu-
matic actuator can be configured 1n a variety of ways, or
comprise a variety of different types. In one example, the
passive actuator 450 can be operable to store energy upon a
first rotation of the first and second support members 305a,
305b relative to one another, or upon the first rotation of the
output member 302a relative to the input member 3025 of
the actuator joint assembly 106c¢ (see FIGS. 2A-3B) and to
release energy upon a second rotation of the output member
302a relative to the input member 3025, which rotation 1s 1n
an opposing direction as the first rotation. For instance, the
passive actuator 450 can be configured to provide a com-
pensating force or torque that works against a gravitational
force acting on the joint system 300, such as resulting from
the weight of a robotic system 100 (see FIGS. 1A and 1B),
including any weight of a load carried by the robotic system
100. The passive actuator 450 can comprise a housing 452,
such as a cylindrical housing, having a first end 454 and a
second end 456. The housing 452 can be coupled to the
length adapter 410 at the second end 456. The housing 452
can define an internal piston chamber 458 that accommo-
dates a piston 460 that can move (1.e., the piston 460 can
displace) linearly within the chamber 458. A piston rod 462,
or a portion of a piston rod 462, can extend from one side
of the piston 460 and can extend through the first end 454 of
the housing 452. The piston rod 462 can comprise a distal
end 464 that can connect to a joint assembly (e.g., the
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linkage 310, which 1s coupled to the output 302a of the joint
assembly 106c¢), such that when the output member 3024
rotates relative to the mput member 3025, the piston rod 462
moves 1n or out of the first end 454 of the housing 452.

When the piston rod 462 moves or displaces 1n or out of
the first end 454 of the housing 452, the passive actuator 4350
can store energy from, and release energy to, respectively,
the actuator joint assembly 106c¢. For example, when the
piston rod 462 moves into the housing 452, the piston 460
moves from the first end 454 towards the second end 456 of
the housing 452. The piston 460 divides the internal piston
housing 458 1nto a compression chamber 476 and an expan-
sion chamber 478. As the piston 460 moves towards the
second end 456 of the housing 450, energy can be stored 1n
the compression chamber 476 as the piston 460 compresses
the gas 1n the compression chamber 476. Energy can be
released from the compression chamber 476 as the com-
pressed gas forces the piston 460 to move from the second
end 456 towards the first end 454 of the housing 452. The
piston rod 462 connected to the piston 460 can move out of
the housing 452, thereby applying a force or torque to the
actuator joint assembly 106¢.

In some examples, the passive actuator 450 can comprise
an orifice 466 configured and operable to connect the
compression chamber 476 and the expansion chamber 478
and to allow fluid to pass therethrough. In one example, the
orifice 466 can be configured to facilitate a limait on the fluid
flow velocity, or 1n other words, to provide or facilitate
choked flow of the fluid from the compression chamber 476
to the expansion chamber 478 upon movement of the piston
at a speed greater than a threshold velocity dependent upon
given design parameters. In the example shown, the passive
actuator 450 comprises a small orifice in the form of a
choked flow ornfice 466 extending from and joining the
compression chamber 476 and the expansion chamber 478.
The choked flow orifice 466 comprises an internal wall
structure defining a passageway or opening. In one example,
as shown, the choked flow orifice 466 can comprise a
passageway or opening that varies in diameter from one side
of the piston 460 to the other (e.g., the opening can have a
hyperbolic configuration). The choked flow orifice 466 1n
this example 1s shown to extend through the piston 460 to
connect the compression chamber 476 and the expansion
chamber 478. The choked flow orifice 466 can be configured
to facilitate a desired flow rate of gas from the compression
chamber 476 to the expansion chamber 478. By utilizing the
choked flow orifice 466, the passive actuator 450 can
fiectively have a different stifiness during diflerent opera-
tions. For example, during an operation where a torque 1s
quickly or suddenly applied to the joint assembly 106¢, such
as a heel strike followed by a leg single support portion of
a walking or a running gait cycle, the passive actuator 450
can have a relatively high stiflness as compared to when a
torque 1s more gradually applied to the joint assembly 106c¢,
such as during a squatting motion. When a torque 1s quickly
applied to the joint assembly 106¢, and thus to the passive
actuator 450, the piston 460 quickly compresses gas within
the compression chamber 476. Because the choked flow
orifice 466 limits the flow rate between the compression
chamber 476 and the expansion chamber 478, the actuator
450 behaves almost as 11 the choked tlow orifice 466 was not
present when the piston 460 compresses gas within the
compression chamber 476. Conversely, when a torque 1is
gradually applied to the actuator joint assembly 106c¢, and
thus the passive actuator 450, the piston 460 moves more
slowly or at a slower rate through the internal piston
chamber 458 of the housing 452. This allows more gas to
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transier from the compression chamber 476 to the expansion
chamber 478 through the choked flow orifice 466 while the
piston 460 compresses gas 1n the compression chamber 476.
Due to the configuration of the choked flow orifice 466 and
the transier of gas from the compression chamber 476 to the
expansion chamber 478, the stiflness of the passive actuator
450, and the torque it contributes to the joint 106¢, 1s lower
during a slow and gradual movement of the joint assembly
106¢ as compared to a quick or sudden movement of joint
assembly. Thus, the passive actuator 450 can be eflective to
provide different force/torque contributions for sudden
movements which are accompanied by a sudden application
of torque by the air spring and length adapter and for gradual
movements which are accompanied by the gradual applica-
tions of torque to the actuator joint assembly 106c¢. The
choked flow orifice 466 can be configured i any number of
different ways, including, but not limited to, size, shape,
length, rate of change of the onfice walls, and others.

The passive actuator 450 can further comprise a second
passageway 468 connecting the compression chamber 476
and the expansion chamber 478. The second passageway
468 can be formed through the piston 460 as shown in FIG.
4. In other examples, the second passageway 468 could have
other configurations, such as a passageway that extends
outside the internal piston chamber 458 of the housing 452.
The second passageway 468 can comprise a one-way valve
4'70. The one-way valve 470 can be configured to allow gas
to travel 1n a single direction through the second passageway
468. In this example, the one-way valve 470 1s configured to
allow gas to travel only from the expansion chamber 478 to
the compression chamber. In this manner, when the piston
460 displaces or 1s moved towards the first end 456 to
compress gas 1n the compression chamber 476 (1.e. the
pressure within the compression chamber 476 1s greater than
the pressure within the expansion chamber 478), no gas 1s
permitted to travel through the gas passageway by the
one-way valve 470. Conversely, when the piston 460 dis-
places or 1s moved towards the second end 454 and when
pressure 1n the expansion chamber 478 1s greater than
pressure 1n the compression chamber 478, the one-way
valve 470 allows gas to travel from the expansion chamber
4’78 to the compression chamber 476. This configuration can
ensure that the passive actuator 450 can always be easily
extended without substantial resistance, even when pressure
has begun to equalize between the compression chamber
476 and the expansion chamber 478 through the chocked
flow orifice 466. For example, 11 a user of a robotic system
100 of an exoskeleton (such as shown 1n FIGS. 1A and 1B)
were to move the actuator joint assembly 106¢ from a tlexed
position (such as shown in FI1G. 2C) to an extended position
(such as shown in FIG. 2A) via the user’s own strength
and/or a primary actuator, the one-way valve 470 on the
passive actuator 450 can ensure that the passive actuator 4350
does not resist the extension of the actuator joint assembly
106¢ as the piston rod 464 extends outward from the housing
452 as the actuator joint assembly 106¢ extends.

As mentioned above, the passive actuation system 400
can also comprise a length adapter 410 coupled 1n series to
the passive actuator 450. As discussed to herein, the term
“length adapter” refers to a mechanism or device capable of
selectively directing the output of the stored energy of the
passive actuator to which it 1s connected. The length adapter
can be capable of an adjustable length between different
connection points of the length adapter so as to accommo-
date movements of members connected to the length adapter
(e.g., movements of a robotic structural support member
relative to another structural support member about a joint,
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as well as movements of the passive actuator coupled to the
length adapter). A “length adapter,” as discussed herein, can
comprise two operating states, namely an adjustable oper-
ating state where the length adapter 1s capable of moving 1n
one or more ways to achieve an adjustable length, and a rigid
operating state where the length adapter models a rigid rod
and maintains a fixed length. The length adapter 410 can
thus be configured to accommodate an overall length of the
passive actuation system 400 to selectively direct the output
of the stored energy of the passive actuator 450 depending
upon which operating state 1t 1s caused to be placed 1n n
real-time, as will be described 1n more detail below. The
length adapter 410 can be a mechanical, an electromechani-
cal, or hydraulic mechanism or device that selectively
directs the output of the stored energy of the passive actuator
450 1n real-time during operation of the robotic system 100.

In the example shown 1n FIG. 4, the length adapter 410
can be a hydraulic device that comprises a piston housing
412, such as a hydraulic cylinder, having a first end 414 and
a second end 416 opposite the first end 414. The length
adapter 410 can comprise an internal piston chamber 418
within the housing 412. The internal piston chamber 418 can
accommodate a piston 420 that 1s configured and operable to
move (1.e., the piston displaces) linearly bi-directionally
within the internal piston chamber 418. A piston rod 422 can
be attached to, formed with, or otherwise operable with the
piston 420. The piston rod 422 can comprise a {irst portion
423 having a distal end 424 that can connect to a joint
assembly (e.g., the first portion 423 can connect to 1nput
3025 of the joint assembly 106¢ of FIGS. 2A-3B) of a joint
system (e.g., joint system 300 of FIGS. 2A-3B) of a robotic
system (e.g., see robotic system 100 of FIGS. 1A and 1B.
The piston rod 422 can extend from the piston 420 through
the first end 414 of the housing 412, such that the first
portion 423 1s located outside the housing 412. The piston
rod 422 can further comprise a second portion 426 having a
proximal end 425. The piston rod 422 can extend from the
piston 420 through the second end 414 of the housing 412,
such that the second portion 426 1s located outside the
housing 412.

The piston 420 can divide the internal piston chamber 418
into a first chamber 428 and a second chamber 430. Both of
the first and second chambers 428, 430 can be filled with an
incompressible tluid. While the term incompressible fluid 1s
used herein, 1t 1s of course understood by one of ordinary
skill that an incompressible fluid 1s a concept of an 1dealized
fluid for which the density does not change at all with
variations in pressure. In reality, all fluids are compressible
to at least to some extent. Thus, for the purposes discussed
herein, an incompressible fluid 1s a fluud that behaves
substantially as an incompressible tluid, such as liquid water,
hydraulic o1l, or the like. The first chamber 428 can be
connected to the second chamber 430 via a passageway 432.
The passageway 432, as shown 1n FIG. 4, can be configured
to extend outside the housing 412. However, in another
example, the passageway 432 could be configured to extend
within the housing 412 or be internal within the housing 412,
such as within a wall of the housing 412 or through the
piston 420.

The passageway 432 can subdivide 1nto a first branch 434
and a second branch 436. The first branch 434 can comprise
a valve 438 that can be selectively opened and closed to
selectively allow the mncompressible fluid to flow between
the first chamber 428 and the second chamber 430. When the
valve 438 1s open or at least partially open to place the length
adapter 410 1n the adjustable operating state, such that fluid
1s flowable between the first chamber 428 and the second
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chamber 430, the piston 420 can move bi-directionally
linearly within the internal piston chamber 418. That 1s, the
piston 420 can move towards the first end 414 and away
from the second end 416 or the piston 420 can move towards
the second end 416 and away from the first end 414 when the
valve 438 1s open, or at least partially open. When the valve
438 15 closed to place the length adapter 410 in the ngid
operating state, tfluid 1s not free to flow between the first
chamber 428 and the second chamber 430. Because the fluid
in the first and second chambers 428, 430 1s an 1ncompress-
ible fluid, the piston 420 does not move or displace within
the internal piston chamber 418 when the valve 438 1s
closed. Thus, when the valve 438 1s closed, the length
adapter 410 can act essentially as a rigid member (1.¢., model
a rigid rod). The valve 438 can comprise any suitable type
of valve such as an electrically or pneumatically actuated
valve, a piezo electric valve, a check valve, or another type
of valve as will be recognized by those skilled in the art.

The second branch 436 of the passageway 432 can
comprise a one-way valve 440. The one-way valve 440 can
allow for flmid to flow only from the second chamber 430 to
the first chamber 428. This allows the piston 420 to move
towards the first end 414 1n the internal piston chamber 418,
but does not allow the piston 420 to move towards the
second end 416. In this way, the length adapter 410 1s
allowed to expand or lengthen (1.e. the first portion 423 of
the piston rod 422 can move out of the first end 414 of the
housing 412 to increase the overall length of the length
adapter 410) even when the valve 438 1s closed. However,
the one-way valve 440 ensures that the length adapter cannot
compress (1.e. the piston 420 cannot move towards the
second end 416 of the housing 412; and the piston rod 422
and the first portion 423 of the piston rod 422 cannot retract
into the first end 414 of the housing 412 towards the second
end 416 to reduce the overall length of the length adapter
410) when the valve 438 1s closed. The one-way valve 440
could further be equipped with an overpressure relief valve
with a burst pressure set at a value that 1s well above a
normal pressure anticipated to be achieved in the passive
actuator 450 and/or the length adapter 410, but that 1s also
low enough to protect the passive actuation system 400. It 1s
noted that this configuration 1s not intended to be limiting.
For example, mstead of the passageway 432 comprising a
first branch 434 and a second branch 436, two separate
passageways (e.g., see separate branch for the one-way
valve 440 as represented by the dotted lines, which can be
separate from the branch for the valve 438) could be utilized
for each of the valve 438 and one-way valve 440. In some
configurations, the second branch 436 and the one-way
valve 440 can be omutted.

The length adapter 410 can comprise a rigid member
coupled to the passive actuator 450. In the example shown,
the length adapter 410 can comprise a rigid member 1n the
form of the piston housing 412 coupled to the housing 452
ol the passive actuator 450. The length adapter 410, namely
its housing 412, can be securely and ngidly fastened to the
housing 452 of the passive actuator 450, such as via fasten-
ers 474 attaching the second end 416 of the housing 412 of
the length adapter 410 to the second end 456 of the housing
452 of the passive actuator 450. Other fastening mechanisms
could be used such as adhesives, welding, or other joining
operations/methods. The passive actuation system 400 could
also be constructed as a umitary body where the length
adapter 410 and the passive actuator 450 are built as a single
unitary structure. The passive actuator 450 can comprise a
blind bore 472 1n the second end 456 of the housing 452. The
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and accommodate travel of at least a portion of the piston
rod 422, namely the second portion 426 of the piston rod 422
of the length adapter 410. In another example, wherein the
blind bore 472 could be eliminated, the passive actuator 450
can be attached to the length adapter 410 with a gap or space
between them that 1s sullicient to accommodate the travel of
the piston rod 422 of the length adapter 410.

As mentioned above, the length adapter 410 can be
configured to accommodate an overall length of the passive
actuation system 400 to selectively direct the output of the
stored energy of the passive actuator 450. This can be done
by selectively opening and closing the valve 438. With
passive actuator 450 1n the active state, such as to provide a
gravity compensation function, and with the gas in the
compression chamber 476 compressed, and with the valve
438 of the length adapter 410 1n the closed position, when
the compressed gas 1 the compression chamber 476 of the
passive actuator 450 acts against the piston 460 of the
passive actuator 450 to apply a force on the piston rod 462,
the length adapter 410 acts essentially as a rigid member
(1.e., models a rigid member) because the valve 438 prevents
the length adapter 410 from compressing or substantially
compressing (1.e. the valve 438 prevents fluid from moving
from the first chamber 428 to the second chamber 418 and
the piston 420 from moving towards the second end 416).
Thus, the passive actuator 450 can apply a force or torque to
the joint assembly (e.g., joint assembly 106¢ (see FIGS.
2A-2C)) 1n the same manner as if the length adapter 410 was
not present or was a rigid member. In other words, length
adapter 410 1n the rigid state can simply transier the energy
from the passive actuator 450 to the actuator joint assembly
106¢. Indeed, the passive actuator 450 can apply a force or
torque to the joint assembly as the piston 460 1s caused to
move or displace the piston rod 462 outward, with the
portion 464 of the piston rod 460 being coupled to the output
of the joimnt assembly (e.g., via the piston rod 460 being
coupled to the linkage 310, which 1s coupled to the output
302a of the joint assembly 106¢), and the first portion 423
of the piston rod 422 of the length adapter 410 being coupled
to the mput member of the joint assembly (e.g., the first
portion 423 can connect to input 3025 of the joint assembly
106¢ of FIGS. 2A-3B). In other words, the piston rods 422
and 462 can be coupled to various parts of the joint assembly
to facilitate the functionality of the passive actuation system
400 described herein.

With the valve 438 in the open position, the piston 420 of
the length adapter 410 1s operable to move (1.e., displace)
linearly bi-directionally withuin the mternal piston chamber
418. Thus, when the compressed gas 1n the compression
chamber 476 of the passive actuator 4350 acts against the
piston 460 of the passive actuator 450 to apply a force on the
piston 460 and the piston rod 462 of the passive actuator 435
to move the piston 460 1n the direction towards the first end
454, the piston 420 of the length adapter 410 1s operable to
displace or move, such as to move within the internal piston
chamber 418 towards the second end 416 of the housing
412. In this manner, the energy from the passive actuator 450
can be diverted to and absorbed by the length adapter 410.
In other words, instead of the energy stored in the passive
actuator 450 applying a force or torque on the actuator joint
assembly 106c¢, the length adapter 410 accommodates the
change in length of the passive actuator 450 as the piston
460 of the passive actuator 450 1s pushed towards the first
end 454 of the housing 452 of the passive actuator 450, and
as the piston rod 462 1s pushed out of the first end 454 of the
housing 452 of the passive actuator 450. This change in
length 1s accommodated by open valve 438 allowing the
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piston 420 of the length adapter 410 to move (1.e., displace)
towards the second end 416 of the housing 412 of the length
adapter 410, and the piston rod 422 of the length adapter 410
to retract into the first side 414 of the housing 412 of the
length adapter 410 as the piston 420 moves towards the
second end 416 of the housing 412 of the length adapter 410.
In this manner, an overall length of the passive actuation
system 400 1s maintained from and during the time the valve
438 1s opened even as compressed gas in compression
chamber 476 of the passive actuator 450 pushes the piston
460 of the passive actuator 450 towards the first end 454 of
the housing 452 of the passive actuator 450, forcing the
piston 462 to extend out of the first end 454 of the housing
452. Thus, the energy in the passive actuator 450 1s absorbed
by or transferred to the length adapter 410 as kinetic energy
and 1s not transierred to the actuator joint assembly 106c¢
while the overall length of the passive actuation system 400
1s maintained. It 1s noted that rotation of the joint assembly
during use can cause the overall length of the of the joint
assembly to change, and thus the passive actuation system
400 can absorb a fraction of the energy and can perform
some work to brake (1.e. slow down the joint assembly)
and/or do positive work on the joint assembly due to the
change of length in the passive actuation system 400. In
other words, the passive actuator 450 1s not able to apply an
energy recovering torque that would otherwise cause rota-
tion of the actuator joint assembly 106¢ (or 1s at least
prevented from applying most of the energy recovering
torque as there will still be some resistance as a result of
friction between the piston 420 and piston rods 422 and 426
with the walls of the housing 412 and as a result of fluid flow
through the valve 438). It 1s further noted that residual
friction associated with the fluid flow in the hydraulic
passive actuator 450, as well as any seals present in the
passive actuator 450, will still allow the passive actuator 4350
to contribute a negligible amount to the joint torque even
when the length adapter 410 1s 1n 1ts movable state.

By selectively diverting the energy from the passive
actuator 450 to be absorbed at least 1n part mnto and by the
length adapter 410, the passwe actuation system 400 can
essentlally be “turned oil” at a desired time by selectively
opening and closing the valve 438 of the length adapter 410,
even 1f the passive actuator 450 still has energy stored 1n 1ts
compression chamber 476. In other words, 1 during a
movement cycle of the actuator joint assembly 106¢ no
turther force or torque 1s desirable from the passive actua-
tion system 400, the valve 438 can be opened and remaining,

energy stored 1n the passive actuator 450 can be substantially
diverted to and adsorbed by the length adapter 410. Such
control can be beneficial for an actuator joint assembly at a
knee joint (such as knee joint 107¢) during a walking or a
running movement cycle of a robotic system, as will be
described below.

The passive actuation system 400 can comprise a control
unit 480 that 1s connected to the passive actuation system
400 and 1s operable and configured to control the passive
actuation system 400. The control unit 480 can be any
suitable controller and can comprise a power source, one or
more processors, a memory, mput/output devices, and the
like. The control unit 480 can be operable to control the
valve 438 to seclectively divert energy from the passive
actuator 450 to the length adapter 410 as discussed herein.

An example of using the passive actuation system 400
during a walking gait of a robotic system will now be
discussed with reference to FIGS. 1-5D. FIGS. 5A-5D show
a schematic view of a robotic limb and an exemplary
corresponding position and configuration of a passive actua-
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tion system according to the present disclosure. Generally,
during a walking gait or running gait, a joint system such as
a JOIIlt system at a knee jomnt 107¢ of a robotic limb
experiences very little load or applied torque to the joint
system from external forces during a free swing portion of
the walking or running gait (1.¢. when the robotic limb does
not contact the ground). However, at a heel strike portion of
the walking or running gait, the joint system immediately
experiences a very large amount of load or applied torque to
the joint system due to the weight of the robotic system 100
suddenly acting on the knee joint 107¢ and the forces from
the ground being transferred into the joint system. Thus, the
joint system almost instantaneously transitions from no load
to some magnitude of load from the moment of heel strike
to the end of the double and/or single leg support portion of
the walking gait cycle at toe-off. The passive actuation
system 400 can be configured to accommodate both a free
swing portion of the walking gait from toe-ofl to heel strike
as well as a loaded portion of the walking gait from heel
strike to toe-ofl.

In FIG. 5A, a robotic limb 502 (which can represent any
of the lower legs or limbs of the robotic system 100, or any
other gait-capable robot system) 1s shown schematically at
the moment ol heel strike during a walking gait. For
instance, the robotic limb 502 can be similar to the robotic
limb 102 discussed above. At heel strike, a load applied to
the joint system (such as joint system 300) rapidly goes from
substantially zero to some magnitude of a load, which, 1n
some cases, can be a maximum load (1.e., the highest
magnitude of torque that 1s experienced by the robot during
the gait cycle). Accordingly, the passive actuation system
400 can be caused and selectively operated to be 1 a stiff
confliguration or a rigid state to cause the passive actuator
450 to apply a torque at the joint system to counter the
applied load at heel strike. The torque applied by the passive
actuation system 400 can be a reactive force that generates
torque that it 1s applied 1n combination with a primary torque
applied by a primary actuator, such as an electric motor, of
the actuator joint assembly. As such, as shown 1n FIG. SA,
in the stifl configuration or the rigid state, the length adapter
410 can be configured such that the valve 438 1s 1n a closed
position so as to not allow fluid to transier between the first
and second chambers 428, 430. The one-way valve 440 can
be utilized so that the piston 420 and piston rod 422 can
move (1.e., displace) to a fully extended position, allowing
the passive actuation system 400 to extend to a longest
length just prior to and at heel strike. With the valve 438 1n
the closed position, when an external force 1s applied to an
actuator joint assembly (such as actuator joint assembly
106¢) at heel strike of the robotic limb 502 that induces a
torque 1n the actuator joint assembly causing the joint
assembly to rotate (e.g., to undergo flexion 1n the case of the
actuator joint assembly 106c¢ at the knee joint), air 1is
compressed 1n the compression chamber 476 of the passive
actuator 450 and the passive actuator 450 can act as an air
spring to apply a reactive force based on the pressure of the
compressed air 1n the compression chamber 476. This reac-
tive force 1s directed to the actuator joint assembly because
the length adapter 410 acts as a rigid member 1n the rigid
state with the valve 438 in the closed position. Thus,
following heel strike and before toe-ofl, the passive actua-
tion system 400 can provide force or torque to at least
partially compensate for the load applied on the actuator
joint assembly at heel strike.

In FIGS. 5B and 5C, the robotic limb 502 i1s shown
between heel strike and toe off of the gait cycle. During this
portion of a walking gait, the length adapter 410 remains in
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the ngid state with the valve 438 in the closed position. This
allows the passive actuator 450 to continue to apply a force
and a corresponding torque into the joint assembly via 1ts
piston rod 462 as the piston rod 462 extends from and
retracts into the passive actuator 450. Thus, the passive
actuator 450 can continue to provide a reaction force and a
torque to the joint assembly (a compensating force and
corresponding torque) based on a load experienced at the
actuator joint assembly and based on a primary force or
torque provided by a primary actuator of the actuator joint
assembly as the actuator joint assembly transitions the joint
system comprising the joint assembly between heel strike
and toe-off.

In FIG. 5D, the robotic limb 502 1s shown schematically
at toe-ofl during a walking gait. At toe-oil, a load or torque
applied to the actuator joint assembly decreases as the
robotic limb 502 enters the free-swing portion of the walk-
ing gait. However, at toe-ofl, the passive actuator 450 can
still have energy stored 1n 1n the compression chamber 476.
I1 such energy from the passive actuator were to be directed
to the actuator joint assembly, such energy would need to be
counteracted by a primary actuator of the joint assembly, or
the stifiness of the passive actuator 450 would need to be
configured to be relatively low so as to not cause damage to
the robotic system or injury to the user when the energy 1s
released into the joint assembly from the passive actuator
450 after toe-ofl. Thus, because the load applied to an
actuator joint assembly wvaries substantially between a
loaded phase of the walking gait from heel strike to toe-oif
and a free- swmg phase of the walking gait from toe-ofl to
heel strike, i1t 1s dithicult to incorporate a passive actuator
suitable for both the loaded phase from heel strike to toe-ofl
and the less loaded or unloaded phase during free swing.

The passive actuation system 400 allows for the passive
actuator 450 to be relatively stifl to provide a suflicient force
or torque to the actuator joint assembly during the loaded
heel strike to toe-ofl phase while still allowing the actuator
joint assembly to operate efliciently during the free swing
phase. As shown i FIG. 5D, at toe-ofl, the passive actuation
system 400 can be caused to enter a movable state, wherein
the valve 438 of the length adapter 410 1s opened to allow
fluid to flow between the first and second chambers 428, 430
of the length adapter 410. This allows the piston 420 to
displace or move within the internal piston housing 418 of
the length adapter 410 and allows the piston rod 422 to
retract towards and extend from the first side 414 of the
length adapter 410. Therefore, at toe-ofl, 1f the passive
actuator 450 still has energy stored therein, as the passive
actuator 450 pushes 1ts piston rod 462 out of the first end 454
of the passive actuator 4350, the piston 420 of the length
adapter 410 1s operable to move, such as to displace or move
within the internal piston chamber 418 towards the second
end 416 of the housing 412, and the piston rod 422 of the
length adapter 410 can retract into the first side 414 of the
length adapter 410, due to the movement (1.e., displacement)
of the piston 420 of the length adapter 410. This effectively
diverts energy from the passive actuator 450 from being
input into the actuator joint assembly and instead into the
length adapter 410. Therefore, during the free-swing phase
from toe-ofl to heel strike, the small amount of force or
torque required to actuate the actuator joint assembly can be
applied by a user and/or a primary actuator, while the
passive actuator 450 can be “turned ofl”” such that 1t does not
apply a substantial force or torque to the actuator joint
assembly during the free-swing phase.

During the free-swing phase of the gait cycle, the passive
actuation system 400 can be returned to the configuration
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shown 1n FIG. SA just prior to heel strike (1.e. the length
adapter 410 can be caused to transition from the movable
state to the rigid state by closing the valve 438 of the length
adapter 410), such as during an extension of an actuator joint
assembly during the free-swing phase of the walking gait
cycle. Thus, the process described 1n FIGS. 4-5D can then
repeat at heel-strike of the walking gait cycle, as shown in
FIG. SA.

FIG. 6 shows an exemplary torque curve showing a torque
applied by the passive actuation system (such as passive
actuation system 400) at various joint angles of support
members connected at an exemplary knee joint system
during a walking gait cycle and during a squatting motion,
according to an example of the present disclosure. In FIG. 6,
the solid line represents a torque profile for the walking gait
cycle, and the broken line represents a torque profile for the
squatting motion.

As shown i FIG. 6, during the walking gait cycle, the
passive actuation system can apply a steep increase 1n torque
during a heel-strike phase 502. The torque applied by the
passive actuation system remains relatively high during a
loaded phase 504 from heel-strike to toe-ofl. At the toe-off
phase 506, the passive actuation system 1s operated to divert
energy from the actuator joint assembly, and thus the torque
applied by the passive actuation reduces (e.g., drops back to
almost zero) at the toe-off phase 506. During the free-swing
phase 508, the passive actuation system does not apply a
substantial torque to the actuator joint assembly due to the
operation of the length adapter, as discussed herein, and the
relatively small amount of force needed to actuate the
actuator joint assembly during free-swing can be provided
by a user or a primary actuator.

Comparatively, the passive actuation system can provide
a different torque profile during a squatting movement. As
mentioned above with respect to FIG. 4, the passive actuator
450 can comprise a choked flow orifice 466 that can be tuned
to have a predetermined flow rate to allow gas to flow from
the compression chamber 476 to the expansion chamber
478. In this manner, a smaller amount of energy can be
stored during slower movements, and the passive actuator
450 can eflectively be less stifl during such slower move-
ments. As shown 1 FIG. 6, during a squatting motion, a
torque applied by the passive actuation system during a
descent phase can gradually increase (1.e. during flexion of
a knee joint). The torque applied by the passive actuation
system during an ascent phase can gradually decrease (1.e.
during extension of a knee joint). The torque magnitude and
proﬁle can be tailored by a combination of piston, piston rod
s1Z1ng, gas precharge, size and geometry of the small orifice
that connects the compression and expansion chambers of
the passive actuator, as well as by the design of the linkage
mechanism that couples the length adapter/passive actuator
to the joint.

Based on the foregoing, an eflicient actuator joint assem-
bly can be provided by utilizing the passive actuator system
described herein. The actuator joint assembly can comprise
a passive actuator with a high stifiness to provide a desired
force or torque to the actuator joint assembly during a loaded
phase of a walking or running gate while also providing little
to no torque during a free-swing phase of the walking or
running gate cycle. The passive actuator can further be
modified to accommodate other motions at a joint, such as
a squatting motion, by incorporating a choked flow orifice to
vary the amount of force or torque applied by the passive
actuator. Thus, the actuator joint assembly can deliver the
required torque and mechanical power to the joint while
using less power from the primary power source (e.g.
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batteries). This can allow the actuator joint assembly to be
lighter 1n weight (due to the possibility of using a more
compact electric motor and transmission and smaller battery
pack) than would be possible without using the passive
actuation system described herein. Depending on configu-
ration and activities, the power savings can be 50% or
greater as compared to an actuator joint assembly without
the passive actuation system described herein. Thus, an
eflicient joint can be provided during multiple different
movements at the joint.

It 1s noted that the passive actuation system 1s not limited
to an actuator joint assembly. The passive actuation system
can be beneficial in other systems where a passive actuator
can be utilized at select time periods while also being able
to be “turned ofl” during other select time periods. Thus, the
passive actuation system can by selectively configured and
operable to release energy to be transierred to first and
second members of any external device connected to the
passive actuation system while also be operable to absorb
energy stored in the passive actuator without transferring the
energy to the first and second members of the external
device. Thus, the actuator joint assembly 1s merely one
example of an external device with which the passive
actuation system can be used.

As mentioned above, the length adapter can have different
configurations other than the hydraulic device shown 1n the
example with reference to FIGS. 4-5D. FIG. 7A-7C show a
schematic view of a mechanical length adapter according to
one example of the disclosure. As shown i FIGS. 7TA-T7C,
a length adapter 710 can comprise a mechanical linkage. The
length adapter 710 can be configured to be attached to a
passive actuator 750 or a quasi-passive actuator, such as the
passive actuator 450 described above. The length adapter
710 can comprise a hinged rod 722. The hinged rod 722 can
comprise a rigid member coupled to the passive actuator
750. At a first end 714 of the length adapter 410, the hinged
rod 722 can be connected to a joint system via an input
member, such as joint system 300 via input member 3025
described above. At a second end 716 of the length adapter,
the hinged rod 722 can be connected to the passive actuator
750. A portion or segment of the hinged rod 722 at the
second end 716, namely segment 723, can comprise the rigid
member operable to couple to the passive actuator 750. The
segment 723 can be coupled to the passive actuator 750,
namely the housing of the passive actuator 750, using any
coupling device, system or method.

The hinged rod 722 can comprise a plurality of segments
connected together via one or more hinges. In this examples,
the hinged rod 722 comprise the first segment 723, a second
segment 725, and a third segment 727. The first and second

segments 723, 723 are connected together at a first hinge 731
that facilitates relative rotation between the first and second
segments 723, 724. The second and third segments 725, 727
are connected together at a second hinge 733 that facilitates
relative rotation between the second and third segments 725,
727. The length adapter can further comprise a rotary
actuator 738. The rotary actuator 738 can control the length
adapter 710 to transition between a ngid state and a movable
state, as will be described 1n more detail below. The rotary
actuator can be rigidly coupled to the third segment 727 of
the hinged rod 722 to facilitate rotation of the third segment
727 about the rotary actuator 738. The rotary actuator 738
can be any suitable actuator and can comprise an active
actuator, a passive actuator 750, or a combination thereof.
For example, the rotary actuator can comprise an electric
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motor that drives the rotary actuator. However, other actua-
tors can also be used such as hydraulic or pneumatic
actuators.

The hinged rod 722 can be supported by a frame support
surface 735. In some examples, the hinged rod 722 can be
configured as a bi-stable mechanism to transition between
the rigid state and the movable state. For example 1n FIG.
7A, the length adapter 710 1s shown 1n the ngid state. In the
rigid state, the rotary actuator 738 can be operated to rotate
the third segment 727 such that the hinged rod 722 1s 1n a
hyperextended position. In the hyperextended position, the
second hinge 733 can be supported against the frame support
surface 735 to lock the hinged rod 722 1n the rigid state. With
hinged rod 722 1n the hyperextended position and the second
hinge 733 supported against the frame support surface 735,
any longitudinal force applied to the hinged rod 722 (1.e. a
force exerted from the second end 716 to the first end 714)
will bias the second hinge 733 against the frame support
surface 735. Thus, the hinged rod 722 remains rigid and 1n
the same position shown i FIG. 7A. When used 1n con-
nection with a passive actuator 750 as described above, the
length adapter 710 i1n the rigid state allows the passive
actuator 750 to apply a force and corresponding torque to the
joint system, similar to the length adapter 410 described
above and shown 1n FIGS. 5A-5C. For example, the length
adapter 710 1n the nigid state can allow the passive actuator
750 to apply a force and corresponding torque to a joint
system between heel strike and toe-off during a walking or
running gait cycle of a robotic system.

FIGS. 7B and 7C show the length adapter 710 in the
movable state, wherein the length adapter 710 operates to
absorb the energy from the passive actuator 750 such that 1t
1s not transmitted to the associated joint assembly. It 1s noted
that residual friction associated with the mechanical con-
nections of the length adapter 710 will still allow the passive
actuator 750 to contribute a negligible amount to the joint
torque even when the length adapter 710 1s 1n 1ts movable
state. To transition the length adapter 710 from the rigid state
to the movable state, the rotary actuator 738 can be operated
to rotate the third segment away from the frame support
surface 735 such that the second hinge 733 moves past an
unstable equilibrium position. When the second hinge 733
moves past the unstable equilibrium position, a longitudinal
force applied to hinged rod will cause the second and third
segments 725, 727 to rotate about the second hinge 733 and
the first and second segments 723, 725 to rotate about the
first hinge 731. The rotation of the segments 723, 725, 727
about the hinges 731, 733 allow an overall length of the
length adapter 710 between the first end 714 and the second
end 716 to vary, such as to decrease or increase based on
applied forces acting on the hinged rod 722. When used 1n
connection with a passive actuator 750 as described above,
the length adapter 710 1n the movable state allows any stored
energy 1n the passive actuator 750 to be directed to and
absorbed by the length adapter 710 instead of to a joint
system, similar to the length adapter 410 describe above and
shown 1n FIG. 5D. For example, the length adapter 710 1n
the movable state can direct stored energy in the passive
actuator 750 to be absorbed by the length adapter 710
between toe-ofl and heel strike phases during a walking or
running gait cycle of a robotic system (1.e. during a free-
swing phase of a walking or running gait cycle).

Accordingly, the length adapter 710 can be operable
similar to the length adapter 410 in that the length adapter
710 can selectively direct the output of stored energy of a
passive actuator 750. When the length adapter 710 1s 1n the
rigid state, the length adapter 710 can direct the output of the
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passive actuator 750 to apply a torque or force to the joint
system. When the length adapter 710 1s 1n the movable state,
the length adapter can direct the output of the passive
actuator 750 to be absorbed by the length adapter 710. Thus,
the length adapter 710 can allow a passive actuator 750 to
provide gravity compensation, or to store and release energy
in the passive actuator 750, when a joint system 1s bearing
weilght (e.g. between heel-strike and toe-oil phases of a gait
cycle) and can absorb energy from the passive actuator 750,
cllectively “turning 1t off,” when a joint system 1s not
bearing weight (e.g. between toe-oll and heel-strike phases
of the gait cycle).

Reference was made to the examples illustrated in the
drawings and specific language was used herein to describe
the same. It will nevertheless be understood that no limaita-
tion of the scope of the technology i1s thereby intended.
Alterations and further modifications of the features illus-
trated herein and additional applications of the examples as
illustrated herein are to be considered within the scope of the
description.

Although the disclosure may not expressly disclose that
some embodiments or features described herein may be
combined with other embodiments or features described
herein, this disclosure should be read to describe any such
combinations that would be practicable by one of ordinary
skill 1n the art. The use of “or” 1n this disclosure should be
understood to mean non-exclusive or, 1.e., “and/or,” unless
otherwise idicated herein.

Furthermore, the described features, structures, or char-
acteristics may be combined in any suitable manner 1n one
or more examples. In the preceding description, numerous
specific details were provided, such as examples of various
configurations to provide a thorough understanding of
examples of the described technology. It will be recognized,
however, that the technology may be practiced without one
or more of the specific details, or with other methods,
components, devices, etc. In other instances, well-known
structures or operations are not shown or described 1n detail
to avoid obscuring aspects of the technology.

Although the subject matter has been described in lan-
guage specific to structural features and/or operations, it 1s
to be understood that the subject matter defined in the
appended claims 1s not necessarily limited to the specific
teatures and operations described above. Rather, the specific
teatures and acts described above are disclosed as example
forms of implementing the claims. Numerous modifications
and alternative arrangements may be devised without
departing from the spirit and scope of the described tech-
nology.

What 1s claimed 1s:

1. A robotic joint system comprising:

a first support member and a second support member;

a jomnt assembly rotatably coupling the first support
member to the second support member about an axis of
rotation, the joint assembly comprising a passive actua-
tion system coupled between the first and second
support members, the passive actuation system com-
prising:

a passive actuator operable to store energy and to
release energy to apply a first torque to the first and
second support members, and

a length adapter comprising a rigid member coupled to
the passive actuator, the length adapter operable to
selectively direct an output of the stored energy of
the passive actuator.
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2. The robotic joint system of claim 1, wherein the length
adapter comprises a hydraulic cylinder that 1s coupled 1n
series with the passive actuator, and that forms the rngid
member.

3. The robotic joint system of claim 2, wherein the
hydraulic cylinder comprises:

a piston disposed 1n an internal piston chamber, the piston
separating the internal piston chamber nto a first
chamber and a second chamber; and

a piston rod attached to the piston and extending outside
the hydraulic cylinder, the piston rod connecting to at
least one of the joint assembly, the first support mem-
ber, or the second support member.

4. The robotic joint system of claim 3, wherein the
hydraulic cylinder comprises an incompressible fluid dis-
posed 1n the first and second chambers.

5. The robotic joint system of claim 3, wherein the length
adapter further comprises:

a fluid passageway connecting the first and second cham-

bers; and

a valve operable with the fluid passageway to control fluid
flow between the first and second chambers,

wherein, when the valve is closed, the length adapter
models a rigid rod, and when the valve 1s open, the
piston 1s moveable within the mternal piston chamber.

6. The robotic joint system of claim 5, wherein the first
and second support members comprise an upper leg member
and a lower leg member of a robotic system, and wherein the
valve 1s configured to be opened during a free swing phase
of a walking gait cycle.

7. The robotic joint system of claim 5, wherein the length
adapter further comprises a one-way valve i the fluid
passageway, the one-way valve allowing fluid to flow
between the first and second chambers to allow the piston
and the piston rod to move to an extended position.

8. The robotic joint system of claim 7, wherein the
one-way valve comprises an overpressure relief valve.

9. The robotic joint system of claim 3, wherein the piston
rod extends from both sides of the piston.

10. The robotic joint system of claim 3, wherein the
passive actuator comprises a blind bore 1nto which the piston
rod of the length adapter extends.

11. The robotic joint system of claim 1, wherein the
passive actuator comprises an actuator piston disposed 1n an
actuator housing, the actuator piston separating an internal
piston chamber of the actuator housing into a compression
chamber and an expansion chamber.

12. The robotic joint system of claim 11, wherein the
passive actuator comprises an orifice operable to act as a
choked tlow channel connecting the compression chamber
and the expansion chamber, the orifice being tuned to control
the stored energy in the passive actuator and to control the
first torque applied by the passive actuator.

13. The robotic joint system of claim 12, wherein the
orifice 1s disposed in the actuator piston.

14. The robotic joint system of claim 11, wherein the
passive actuator comprises a one-way valve between the
compression chamber and the expansion chamber, the one-
way valve being operable to allow gas to flow from the
expansion chamber to the compression chamber when a
pressure 1n the expansion chamber 1s greater than a pressure
in the compression chamber.

15. The robotic joint system of claim 1, wherein the length
adapter comprises a mechanical linkage.

16. The robotic joint system of claim 15, wherein the
mechanical linkage comprises a hinged rod having a plu-
rality of segments joined by one or more hinges, at least one
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of the plurality of segments comprising the rigid member
coupled to the passive actuator.

17. The robotic joint system of claim 16, further com-
prising a frame support surface operable to support a hinge
of the one or more hinges 1n a rigid state of the length
adapter.

18. The robotic joint system of claim 17, wherein the
mechanical linkage comprises a bistable mechanism, the
length adapter comprising a rotary actuator operable to
rotate a segment of the plurality of segments, and wherein
the rotary actuator i1s operable to rotate the segment and the
hinge away from the frame support surface and past an
unstable equilibrium to transition the length adapter into a
moveable state.

19. The robotic joint system of claim 18, wherein the
length adapter directs the output of the stored energy of the
passive actuator to apply the first torque when the length
adapter 1s 1n the rigid state, and wherein the length adapter
directs the output of the stored energy of the passive actuator
so that the passive actuator does not apply the first torque to
the first and second support members when the length
adapter 1s 1n the movable state.

20. The robotic joint system of claim 18, wherein the joint
assembly 1s disposed at a knee joint and the first support
member and a second support member comprise an upper
leg member and a lower leg member, respectively, of a
robotic leg, and wherein the length adapter 1s operable to be
in the rigid state when the robotic leg 1s between heel-strike
and toe-ofl during at least one of a walking or running gait
cycle, and wherein the length adapter 1s operable to be 1n the
movable state when the robotic leg 1s between toe-off and
heel-strike during the at least one walking or running gait

cycle.

10

15

20

25

30

32

21. A method for recovering energy 1n a robotic leg during,
movement, the method comprising:

at heel strike during a gait cycle of the robotic leg, storing
energy 1n a passive actuator of a joint assembly
between first and second support members of the
robotic leg and operating a length adaptor coupled to
the passive actuator to be 1n a rigid state;

between the heel strike and toe-oil of the gait cycle of the
robotic leg, at least partially returning the stored energy
from the passive actuator by a first torque applied by
the passive actuator to the first and second support
members; and

at toe-ofl of the gait cycle of the robotic leg, operating the
length adaptor to be in a movable state, such that
rotation of the joint assembly 1s controlled by at least
one of a user or a primary actuator of the joint assembly
between toe-ofl and heel strike of the gait, and such that
the passive actuator does not apply the first torque to
the first and second support members.

22. The method of claim 21, further comprising

during descent 1n a squatting cycle, storing energy in the
passive actuator; and

during ascent 1 a squatting cycle, at least partially
returning the stored energy from the passive actuator by
a second torque applied by the passive actuator,

wherein the length adapter 1s operated 1n the rigid state
during the squatting cycle, and

wherein the passive actuator 1s configured to be relatively
more rigid during the gait cycle than during the squat-
ting cycle.
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